We demonstrate electrical magnetization switching and spin pumping in magnetically doped Weyl semimetals. The Weyl semimetal is a new class of topological semimetals, known to have nontrivial coupling between the charge and the magnetization due to the chiral anomaly. By solving the Landau-Lifshitz-Gilbert equation for a multilayer structure of a Weyl semimetal, an insulator and a metal whilst taking the charge-magnetization coupling into account, magnetization dynamics is analyzed. It is shown that the magnetization dynamics can be driven by the electric voltage. Consequently, switching of the magnetization with a pulsed electric voltage can be achieved, as well as precession motion with an applied oscillating electric voltage. The effect requires only a short voltage pulse and may therefore be more energetically efficient for us in spintronics devices compared to conventional spin transfer torque switching.
Controlling magnetization dynamics is one of the challenges for successful applications of spintronic memory, logic, and sensing nanodevices. Local magnetic fields and spin-polarized currents have been used to do this [1] . However, there are limitations in applying these schemes: applying local magnetic fields causes difficulties in making scalable systems, whereas employing a (spin polarized) charge current, for spin-transfer torque [2] [3] [4] [5] and spin-orbit torque [6] [7] [8] [9] , suffers from Joule heating. Manipulating the magnetization with gating has also been proposed, however, the high threshold electric voltage is an issue for device applications [10] [11] [12] [13] . Scalability, reduced energy dissipation, and a reliable method of controlling magnetization would thus provide meaningful steps for the further development in low energy spintronics devices.
Recently, spintronics phenomena in topological materials have drawn much interest for achieving novel electrical manipulation of the magnetization. In topological insulator/ferromagnetic insulator heterostructures, magnetization switching [14] [15] [16] , the control of magnetic textures [17] , and the spin-electricity conversion [18] have been examined theoretically and experimentally.
As a new class of topological materials, Weyl semimetals are being researched intensively. They possess a threedimensional linear dispersion which is analog of the Weyl fermion in high energy physics [19] . Weyl semimetals can be realized when time-reversal and/or inversion symmetries are broken. Tantalum arsenide and some other noncentrosymmetric materials are experimentally reported as the inversion symmetry broken Weyl semimetals [20] [21] [22] [23] . Although there are many theoretical predictions for the time-reversal symmetry broken Weyl semimetals such as pyrochlore iridates [24] , the multilayer of the topological and normal insulators [25] , and the magnetically doped topological insulators [26] [27] [28] [29] , there have been few materials reported to be time reversal symmetry broken Weyl semimetals [30] [31] [32] . Since time reversal symmetry broken Weyl semimetals possess both topological and magnetic properties, they might be candidates for new spintronics devices.
The electromagnetic responses in some classes of topologically nontrivial states are described by the Axion term [33, 34] ,
Particularly in the magnetically doped Weyl semimetals, field theoretical studies addressed that θ is given by the relation [34] ,
where S is spin of the magnetic moments, x S is a magnetic impurity concentration ratio, J is the exchange coupling constant between a local moment and an itinerant electron, v F is the Fermi velocity, andM is the normalized directional vector of magnetization [35] . Note that Eq.(2) holds even whenM varies in space. The charge and current densities are derived by j µ = δS θ /δA µ as
where σ AHE is the anomalous Hall conductivity defined as σ AHE = e 2 x S S J 2π 2 2 v F [29] . The anomalous Hall effect (AHE), Eq. (3), occurs in solids with broken time-reversal symmetry, typically in a ferromagnetic phase, as a consequence of spin-orbit coupling [37] . Equation (4) states that a charge density is induced by the magnetization in a magnetic field. We assume in the following that the relation is valid in any magnetic configuration as long as the magnetization varies smoothly with respect to the lattice constants [35, 38] .
In this paper, we study the magnetization dynamics in magnetically doped Weyl semimetals by solving the LandauLifshitz-Gilbert (LLG) equation with effective fields as a consequence of Eq. (4). We focus on the case in which the Fermi energy is located at the Weyl points, where the electromagnetic response of the charge density is described by Eq. (4) . Consequently, we propose a method to switch the magnetization by means of electrical pulses and for generating spin currents by an oscillating electric voltage in the magnetically doped Weyl semimetals.
As a setup, we consider a multilayer device, shown in an insulator, and a metal. An electric voltage is applied between the Weyl semimetal and the metal layers. A magnetic field is also applied.
We first discuss the energy density functional of the magnetization in the multilayer structure. In the external magnetic field, the Zeeman contribution to the energy density of local moments is given by E Z = −gµ B ρ SM · B where ρ S is the density of the magnetic dopants. Magnetic anisotropy also gives a contribution as E A = −KM 2 y where K is the anisotropic constant. Here we consider easy axis anisotropy and take the y axis as the easy axis.
Since the charge couples to the magnetization in the Weyl semimetals, the charge degrees of freedom give two additional contributions to the energy density of the magnetization. The total number of electrons changes depending on the relative angle between the magnetization and the applied magnetic field. This induces an additional charging energy density,
where C is a capacitance per unit volume. In the presence of an external electric voltage, the electric potential also contributes to the total magnetic energy as
where V is the applied voltage. Therefore the total magnetic energy density is given by
To minimize the charging energy, E C , the magnetization lies in the plane perpendicular to the magnetic field, decreasing the induced charge, Eq. (4). The Zeeman energy density of the local moments, E Z , favors the magnetization parallel to the magnetic field. The electic voltage contribution, E V , favors the magnetization direction parallel or antiparallel to the magnetic field depending on the sign of V.
Let us consider the equilibrium state of the magnetization without the electric voltage. We take the external magnetic field as B = Bẑ. As shown in FIG. 2 (a) Now we discuss dynamics of the magnetization in the Weyl semimetal. The magnetization dynamics is described by the LLG equation,
where B eff is an effective magnetic field obtained by taking variational of the total energy density by magnetization,
γ is the gyromagnetic ratio, and α is the Gilbert damping constant. E total is the total energy density of magnetization introduced in Eq. (7). The charging energy E C and the potential term E V give additional contributions to the LLG equation because the charge degrees of freedom couple to the magnetic degrees of freedom [35] . The contributions are described in terms of the effective field, B eff = B + B A + B C + B V , as Then spin torque associated with the charging and potential contributions are obtained as T C = γB C ×M and T V = γB V ×M. The anisotropy energy gives a contribution which is independent of the magnetic field as
By solving the LLG equation with these additional contributions, the time evolution of magnetization can be computed.
In our calculation, we choose the parameters as σ AHE = 336.3Ω FIG. 3 (b) . We will explain more detail in the following.
Let us start with the pulsed electric voltage. When the electric voltage is absent, V = 0, the magnetization relaxes to the direction determined by Eq. (8) . In this case, the Zeeman energy and the charging energy counterbalance each other as shown in FIG.2 (a) . When the electric voltage V is turned on, B V is generated and then the spin torque T V is induced. The direction of the torque depends on the sign of the applied voltage, V, as shown in FIG.2 (b) and (c) . When the voltage V is large enough to overcome the anisotropy, the magnetization changes its direction from +ŷ to −ŷ, or vice versa. We numerically examine the LLG equation for the case of pulsed voltage input. For each pulse, we use the Gaussian function, V = V 0 exp −t 2 /2δt 2 where V 0 is the amplitude and δt is the width of the pulse. As shown in FIG.4 (a) , the y component of magnetization can be repeatedly reversed by electric pulses.
To compare with a current-induced magnetization dynamics such as the spin-transfer torque [2] [3] [4] [5] and the spin-orbit torque [6] [7] [8] [9] , there is no threshold current for the magnetization switching with this mechanism, thus it is expected to be energetically more efficient. The magnetization control using an electric field has been also proposed and performed experimentally in a magnetic tunnel junction structure comprising a ferromagnetic metal, FeCo, and a MgO barrier [11] . In this structure, the spin torque is generated as a consequence of a change in the perpendicular magnetic anisotropy by the electric voltage. However a strong electric field is required to produce a large enough torque for magnetization switching with this mechanism, limiting the practical application for nonoscale devices, because the torque is a secondary effect from a changing in the Fermi surface anisotropy. By contrast, there is the direct coupling between the magnetization and the charge in the Weyl semimetal, Eq. (4), our method only requires the electric voltage larger than the easy axis anisotropy which can be tuned experimentally. Therefore the structure with the Weyl semimetal in FIG. 1 (a) might be suitable for a practical device application.
Next we consider the magnetization dynamics under the oscillating electric voltage. In addition to controlling the direction of the magnetization, generation of spin currents is one of central issues in the field of spintronics. Spin pumping is a well established method of generating spin currents, which allows the transfer of the spin angular momentum from magnetization precession motion in a ferromagnet to the conduction electron spin [39, 40] . To induce precession of the magnetization a microwave is irradiated in addition to the static magnetic field tuned at the ferromagnetic resonant condition. In the following we propose an alternative method to induce precession motion of the localized magnetization in the Weyl semimetal. In stead of microwave irradiation, we introduce an oscillating voltage under the condition which the applied voltage is smaller than the anisotropic energy. Since the voltageinduced torque does not overcome the anisotropy torque, it does not lead to reversal but precession of the magnetization about the equilibrium axis given by Eq. (8) . Figure 3(b) shows a typical trajectory of magnetization precession under an oscillating electric voltage V = V 0 sin(ωt) where ω is the frequency.
Here we consider a metal attached to the Weyl semimetal as depicted in Fig. 1(b) . In a model of spin pumping the DC component of the spin current density in the adjacent metal layer by the precessing magnetization is expressed as
where g ↓↑ is the real part of the spin mixing conductance [39, 40] at the interface between the adjacent metal and the Weyl semimetal. Experimentally the spin current density j s can be detected as a voltage signal via the inverse spin Hall effect in the metal layer [41] . We computeM ×Ṁ, and its y component is shown in FIG.4 (b) . The result shows an oscillating behavior in (M ×Ṁ) y with a same frequency as the input electric voltage. This suggests that an AC spin current is induced by the electric voltage. There is also DC bias in (M ×Ṁ) y . In the multilayer structure, FIG. 1 (b) , the generated spin current is injected into the top metal layer. An important point here is that, in the Weyl semimetals, magnetization precession motion is induced by the oscillating voltage and the spin pumping is expected. In conclusion, we have analyzed magnetization dynamics in a magnetically doped Weyl semimetal. By solving the LLG equation, we found that magnetization dynamics is drastically modified without electric currents due to coupling between the magnetization and the charge density. As a result, switching motion of the magnetization is induced by a pulsed electric voltage. In addition, magnetization precession is induced by an oscillating electric voltage, generating the spin currents. These electrical manipulations of the magnetization without currents are indispensable for low energy consumption devices, so that the Weyl semimetal might be the candidate of the next generation spintronics material. D. K. is supported by a JPSJ Research Fellowship for Young Scientists. This work was supported by Grants-in-Aid for Scientific Research (Nos. 15H05854 and 26400308) from the Ministry of Education, Culture, Sports, Science and Technology, Japan (MEXT).
